Purpose: Metabolic syndrome (MetS) and peripheral endothelial dysfunction (PED) are both independently associated with an increased risk of cardiovascular disease (CVD). PED provides prognostic information beyond that provided by conventional risk factors. However, the association between MetS and PED remains uncertain. We evaluated the association between MetS and PED. Patients and methods: We performed a retrospective analysis of patients who were referred to Mayo Clinic between 2006 and 2014 for evaluation of chest pain and/or an assessment of CVD risk that included an assessment of PED measured with reactive hyperemia peripheral arterial tonometry. MetS was defined as the presence of at least 3 of the following: body mass index≥25 kg/m 2 , impaired fasting glucose or diabetes, high blood pressure or hypertension, hypertriglyceridemia, or low high-density lipoprotein cholesterol. Results: Six hundred seventy-eight patients were included (mean age 51.9±13.5 years, 418 (61.6%) women), of which 293 (43.2%) had PED, and 249 (36.7%) had MetS. In multivariable analyses adjusted for age, sex, CVD, smoking status, and elevated low-density lipoprotein, MetS was significantly associated with PED (Odds Ratio (OR) 2.06; P=0.0090). Of the individual MetS components, only being overweight and MetS range high-density lipoprotein had a similar association. After stratifying by sex, the association between MetS and PED persisted only in men (OR 3.16, P=0.0094). Conclusions: MetS is associated with PED in men undergoing an assessment of chest pain and/ or CVD risk. Identifying PED in individuals with MetS could provide an abridged assessment of risk, potentially allowing for earlier and more intensive management of risk factors.
Introduction
Metabolic syndrome (MetS) is common, with an estimated prevalence of 34.5% amongst the adult population of the United States 1 and is associated with increased cardiovascular disease (CVD) and mortality. 2 Endothelial dysfunction precedes atherosclerosis and is independently associated with adverse CVD events. 3 Endothelial dysfunction can be measured peripherally and non-invasively by assessing the reactive hyperemia response. 4 Observational data demonstrate that individuals with minimal traditional cardiovascular risk factors who have peripheral endothelial dysfunction (PED) have a higher incidence of cardiovascular events including mortality at follow-up compared to those without PED. 3, 5 Thus, PED provides prognostic information above and beyond that provided by conventional CVD risk factors.
While MetS predicts an increased risk for CVD, it is not clear whether it adds additional important information to existing cardiovascular risk stratification models. 6 Thus, whether evaluating for MetS contributes to patient risk estimation remains uncertain. In addition, the mechanism by which MetS mediates the increased incidence of cardiovascular events is not fully determined. The significant association between MetS and PED had been described in previous studies; 7, 8 however, other studies had demonstrated only partial 9 or weak 10 association between MetS and peripheral vascular health.
In the current study, we evaluate the association between MetS and PED, as an index of endothelial function and vascular health as a potential mediator for cardiovascular risk in these individuals.
Patients and methods
In this retrospective cross-sectional study, 722 patients were referred by their primary physicians to Mayo Clinic between 2006 and 2014 for assessment of chest pain and/or assessment of cardiovascular risk and underwent PED testing using EndoPAT. The decision to undertake EndoPAT testing was at the clinical discretion of the evaluating physician. Only the first test for each patient was included in the final data analysis and thus 44 tests were excluded. EndoPAT (Itamar Medical Ltd., Caesarea, Israel) which is Food and Drug Administration approved noninvasive device, assesses PED by measuring Reactive Hyperemia Peripheral Arterial Tonometry (RH-PAT). 4 The reactive hyperemia protocol consists of a 16-min reactive hyperemia test, in the following sequence: a 5-min baseline measurement, after which a blood pressure cuff on the test arm is inflated to 60 mmHg above baseline systolic blood pressure, or at least 200 mmHg for 5 min, after which the cuff is deflated, and the postdeflation PAT tracing is recorded for an additional 6 mins. The ratio of the PAT signal after cuff release compared to baseline is calculated through a computer algorithm automatically normalizing for baseline signal and indexed to the contralateral arm. Previous studies have demonstrated that a 1-min RH-PAT index of less than 2.0 correlates best with abnormal PED, with a specificity of over 96%. 
Patients' consent
The study was approved by Mayo Clinic International Review Board with compliance with the Declaration of Helsinki, and all patients provided written informed consent to participate in the protocol and have their clinical information and data used for this and other research studies.
Patients' information
Data were collected on the following parameters: demographic factors (race, sex, and age), traditional cardiovascular risk factors (hypertension; diabetes mellitus; dyslipidemia, defined according to The American Association of Clinical Endocrinologists' (AACE) 2017; 12 smoking status and obesity defined as body mass index (BMI) ≥30 kg/m 2 ) 13 and presence of obstructive CVD, which was defined as a history of percutaneous coronary intervention, history of coronary artery bypass graft surgery, coronary artery stenosis of ≥50% of at least one coronary artery on coronary angiogram or coronary computed tomography angiography, history of ischemic stroke or transient ischemic attack assumed not to be secondary to atrial fibrillation, carotid artery stenosis ≥50%, or a clinical diagnosis of peripheral artery disease. Data on laboratory information were also collected including fasting plasma glucose (FPG), hemoglobin A1C, lipid profile, and creatinine with which estimated glomerular filtration rate (eGFR) was calculated using MDRD equation. 14 The definition of MetS in the current study was based largely upon the Adult Treatment Panel III (ATP III) criteria, the most widely used definition in clinical practice, 15 Mean RH-PAT index among patients with MetS was lower compared to patients without MetS in all individuals and after stratifying by sex to men and women (Table 3) .
In a univariable analysis, MetS was significantly associated with an abnormal RH-PAT index with an Odds Ratio (OR) of 2.32 (P<0.0001), as well as after stratifying individually for age, sex, CVD, smoking status, dyslipidemia, and obesity (Table 4) .
In multivariable analyses ( Figure 1 ) adjusting for factors not included in the definition of MetS, namely, age, sex, presence of obstructive CVD, smoking status, and 78 individuals (11.5%) missed data of serum HDL and triglycerides, 47 of them women (11.2% of women) and 31 men (11.9% of men). Abbreviations: SD, standard deviation; BMI, body mass index; CVD, cardiovascular disease; MetS, metabolic syndrome; FPG, fasting plasma glucose; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol; RH-PAT, reactive hyperemia-peripheral arterial tonometry. (Figure 2 ), MetS was associated with an abnormal RH-PAT index only among men (OR 3.16, P=0.0094). Of the MetS components, overweight only had a similar association amongst men, while MetS range HDL only had a similar association amongst women. Table 5 shows the modification effect of statin treatment on the association between MetS, as well as its components, and abnormal RH-PAT index. The interaction was significant only among women with MetS.
Discussion
The current study demonstrates a significant association between PED and MetS; however, after stratification by sex, this association remains significant only in men. Thus, our findings support the potential role of pre-clinical assessment for impaired endothelial function in individuals with MetS as a marker of increased risk for CVD. This would give rise to an objective, noninvasive assessment of vascular health by providing an integrated index of CVD risk that is more easily obtained and may provide more prognostic information than that provided by classifying individuals as having MetS.
The findings of our study additionally highlight the following points:
MetS and sex
Bi et al 19 found that the association between android fat, insulin resistance, and MetS exists only in men. Furthermore, a recent study 20 in overweight or obese but otherwise healthy subjects found that men had a more detrimental cardiometabolic risk profile compared to women despite similar age and BMI. The current study extends these findings by demonstrating a significant relationship between MetS and PED as a marker of early atherosclerosis, amongst men but not women after adjusting for CVD and conventional CVD risk factors which are not included in the MetS definition. Bjorntorp et al 21 showed that the risk of coronary heart disease rises among women whose waist-to-hip ratio is higher than 0.5. CVD had been linked to upper body obesity that is independent to the degree of overall obesity in another study . 22 Waist circumference is a measurement of abdominal obesity and provides risk information that is not accounted for by BMI, 23, 24 although BMI is more convenient to measure in clinical practice and is also known to correlate with CVD risk. 25 In the current study, given a lack of data on waist circumference, we used BMI as an alternative indicator of adiposity. We showed, in multivariable analysis, that overweight is associated with abnormal PED in all individuals and men only, which may in part explain the discordance between sexes in the association between MetS and PED. In turn, these findings underscore the potential importance of using waist circumference as a more appropriate indicator of adiposity and marker of risk in women.
MetS and its components
Among individual MetS components, only overweight and MetS range HDL have significant association with PED in multivariable analyses. After stratifying by sex, that association was demonstrated between PED and MetS range HDL only in women, and overweight only in men. In fact, the data regarding the relationship between MetS components and vascular risk are variable in the literature. In a prospective study of a population of patients with angiographically significant coronary artery disease, 26 from the individual components of metabolic syndrome (defined per the ATP III criteria), only the low HDL independently predicted vascular events. Further, in a prospective, multicenter, international study, 9 early atherosclerosis was evaluated in a variety of ways including the carotid-femoral pulse wave velocity (CF-PWV) and cardioankle vascular index (CAVI). The authors found higher CF-PWV only to be associated with the presence of MetS and found no association between CAVI and MetS. CAVI was associated with high glucose and blood pressure while CF-PWV was associated with all five MetS components individually. In another study, 27 the larger the number of the MetS components, the greater the increase in PWV. The current study is in accord with the findings of these studies by demonstrating reduction of RH-PAT index by each additional individual MetS component and by demonstrating the role of overweight in men, as discussed before, and low HDL in women which are independently associated with PED as an early marker of atherosclerosis in a relatively young group of patients presenting for evaluation of chest pain and/or evaluation of CVD risk. Conversely, Sattar et al 10 did show that MetS and its components had a weak or no association with vascular risk in elderly patients. However, the study was based on two patient populations aged 60-79 and 70-82 which is significantly older than the age in the current study. Weisrock et al 28 found good reliability of PAT in different groups but not in subjects with hypertension, possibly due to variations in heart rate. That could explain the absence of significant association between PED and hypertension in our study. We did not find a significant association between type2 diabetes and PED which could be due to small number of diabetic patients (53, 7.8%) and relatively good diabetes control (mean Hba1c 7.07±1.12% in the diabetic patients).
Further studies are needed.
MetS and statin treatment
The current study shows that statin treatment may ameliorate the association between PED and MetS among women. Statins were shown to improve PED evaluated by flow-mediated dilation in subjects with hyperlipidemia and MetS and/or diabetes. 29 In another study, 30 obese men with MetS, but without CVD, had reduced levels of endothelial progenitor cells which improved after treatment with statins. Thus, the current study supports the early treatment of seemingly low-risk individuals with MetS to modify PED with a view to reduce CVD risk. However, our study only showed a beneficial effect of statin treatment in women. Compared to women, men in our study had a higher frequency of obstructive CVD and CVD risk factors. Thus, the lack of interaction of statin treatment with the association between MetS and PED in men could be due to the greater burden of CVD in men compared to women. These results raise the question whether patients with MetS, even relatively low-risk patients, could gain benefit from early initiation of statin therapy as primary prevention for CVD regardless of LDL level. This requires further studying.
Strength and limitations of the study
The current study has several strengths including a large number of patients allowing adjustment for several potentially confounding variables. Limitations of the current study include: (1) some of the patients in the non-known CVD could still have occult disease that may be obstructive or non-obstructive in spite of guideline-based investigation, (2) we used BMI≥25 kg/m 2 as a surrogate indicator of adiposity as opposed to waist circumference due to lack of data, (3) there is still no clear protocol for which patients should undergo PED testing for evaluation of cardiovascular risk, indeed the decision to perform testing was based on each physician's individual clinical judgment in evaluating chest pain and/or cardiovascular risk, and (4) this was a retrospective cross-sectional analysis which makes deriving causal associations challenging.
Conclusions
The current study demonstrates that MetS is associated with PED in men even after adjusting for confounding variables, including baseline CVD status. PED may therefore act as a mediator of CVD risk in patients with MetS. Identifying PED using EndoPAT in individuals with MetS, including low-risk subjects could provide an abridged assessment of risk, potentially allowing for earlier and more intensive management of CVD risk factors. 
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